Previous studies have shown diverse and sometimes even contrary results concerning the effect of cochlear implantation on tinnitus and the factors that can influence this effect. The aim of this prospective questionnaire study was to determine the effects of cochlear implantation on tinnitus and explore which factors can influence the effect of cochlear implantation on tinnitus. Forty-four of the patients implanted in our hospital returned 2 questionnaire packages, i.e., one before the cochlear implantation and one 6 months after implantation. Before implantation, 66% of the patients experienced tinnitus. This study shows that cochlear implantation could help to reduce tinnitus and the tinnitus handicap in at least 28% of the patients with preoperative tinnitus. In 72% of the patients the tinnitus remained after implantation. None of the patients developed tinnitus after implantation. A shorter duration of tinnitus prior to implantation, a more fluctuating type of tinnitus, a higher tinnitus handicap prior to implantation, and a round-window surgical approach might have a positive influence on the effect of cochlear implantation on tinnitus, but further research is necessary to confirm these findings.
Introduction
Tinnitus is a very common problem that has existed for centuries; the oldest known written report dates back to the ancient Egyptians and Mesopotamians [Stephens, 1984] . The prevalence of tinnitus in the general population ranges from 5 to 43%, with 12-30% of these patients suffering from tinnitus that lasts for more than 5 min at a time [McCormack et al., 2016] . Of the patients who visit self-help groups because of their tinnitus, 30-42% are willing to use devices if this will significantly reduce their tinnitus, 52-62% are willing to use medication for tinnitus reduction, and 13-38% are even willing to undergo invasive procedures to obtain a significant tinnitus reduction [Tyler, 2012] . Although tinnitus is a phenomenon that has existed for centuries, its exact cause is still not known. There are several hypotheses about the cause of tinnitus. Many hypotheses have in common that central neural mechanisms play a key role in its development. Most of these hypotheses state that tinnitus is caused by maladaptive plastic changes in the central auditory pathways as a reaction to peripheral hearing loss [Cacace et al., 2016] .
Within the population of cochlear-implant candidates, the prevalence of tinnitus is between 66 and 86% [Hazell et al., 1995; Quaranta et al., 2004; Baguley and Atlas, 2007; Andersson et al., 2009; Kompis et al., 2012] . This high prevalence is consistent with the fact that people with hearing impairment are more likely to suffer from tinnitus [Han et al., 2009] . Cochlear implantation is associated with a postoperative reduction of tinnitus loudness and awareness [Ruckenstein et al., 2001; Di Nardo et al., 2007] . Previous studies have shown a positive effect of cochlear implantation on both tinnitus prevalence and the handicap it causes in up to 93% of patients [Ruckenstein et al., 2001; Pan et al., 2009; Kloostra et al., 2015] . Unfortunately, cochlear implantation can also have a negative effect on tinnitus. In some studies, participants have experienced deterioration of their tinnitus or have even developed tinnitus [Kompis et al., 2012; Kloostra et al., 2015; van Zon et al., 2016] . According to previous studies, the number of participants that experience deterioration of tinnitus after cochlear implantation is between 4 and 26% [Kompis et al., 2012] .
As cochlear implantation can be of value in reducing both the prevalence of tinnitus and the tinnitus handicap in patients who suffer from severe hearing problems, the aim of this prospective questionnaire study was to determine the effects of cochlear implantation on tinnitus and explore which factors can influence the effect of cochlear implantation on tinnitus. Previous studies have shown very diverse results concerning the effect of cochlear implantation on tinnitus and the factors that can influence this effect [Ruckenstein et al., 2001; Pan et al., 2009; Kompis et al., 2012; Kloostra et al., 2015; van Zon et al., 2016] .
For our study, we used several validated questionnaires that enabled us to have a broad view of the effect that cochlear implantation might have on patients who suffer from tinnitus. We also used tinnitus handicap questionnaires to determine how the presence of tinnitus influences daily life in cochlear implant patients. We used a hearing handicap questionnaire to establish whether cochlear implantation, besides improving phoneme scores, also improves hearing abilities in daily life. Last, we included an anxiety and depression questionnaire to assess the influence of tinnitus and hearing loss on these feelings.
Materials and Methods

Procedure and Inclusion
A total of 63 successive CI candidates from the Cochlear Implant North Netherlands (CINN) patient database were asked to participate in this questionnaire study on tinnitus. All of the patients were implanted in the University Medical Center Groningen (UMCG) between 2010 and 2013. All of them were 18 years or older at the time of this study and gave their written, informed consent. As concluded by the Medical Ethics Committee of the UMCG, this study it not subject to Dutch law on Medical-Scientific Research on Humans (Wet Medisch-wetenschappelijk Onderzoek met Mensen, WMO). This study was conducted in accordance with the Declaration of Helsinki and applicable Dutch laws.
Surgical Techniques
Two surgical approaches, i.e., the round-window insertion technique and the cochleostomy technique, were used for cochlear implantation. In the first technique, electrode insertion is done through the round-window aperture. In the second technique, electrode insertion is also done through the round-window aperture, but the round window is enlarged using a small drill. It is thought that this round-window insertion technique causes less damage to the cochlea. Most commonly, surgeons use the cochleostomy technique instead of the round-window insertion technique due to the sort of electrode that was implanted. The CI422 electrode can be placed using the round-window insertion technique and the CI24RE electrode and the Advanced Bionics electrode can only be placed using the cochleostomy technique. In fewer cases, the reason for using the cochleostomy technique is that the position of the facial nerve makes it impossible to reach the round window.
Measures
In this prospective study, we sent the participating patients 2 questionnaire booklets. The first booklet was sent when the participant agreed to undergo cochlear implantation. It was thus completed weeks to a couple of months prior to the implantation. This booklet consisted of questions about the preoperative situation. The second booklet was completed 6 months after the patient was implanted and consisted of questions about the postoperative situation. Each booklet contained several questionnaires about tinnitus characteristics, depression/anxiety, and hearing status. Also, the UMCG anamnestic tinnitus questionnaire was included, which contained several questions about the characteristics of the tinnitus and the influence of the CI on tinnitus perception. Further information about audiological tests, the date of implantation, the surgery method, and the processor type was collected from the clinical files of the patients.
Questionnaires
Abbreviated Profile of Hearing Aid Benefit We used the translated and validated Dutch version of the Abbreviated Profile of Hearing Aid Benefit (APHAB). The APHAB questionnaire assesses hearing ability and discomfort [Cox and Alexander, 1995] . It contains 24 questions that are divided into the following 4 subscales: ease of communication (EC), background noise (BN), reverberation (RV), and aversiveness (AV). The EC scale describes the ability to understand people in various situations. The BN scale describes how background noise affects the ability to understand conversations. The RV scale describes the influence of reverberation/echo in rooms on hearing ability. The AV scale describes the discomfort caused by unpleasant sounds. All of these subscales contain 6 items and the patient is asked to rate all of the questions according to how often situations occur. The 7 different gradations are as follows: always (99% of the time), almost always (87%), generally (75%), half the time (50%), occasionally (25%), seldom (12%), and never (1%). Hospital Anxiety and Depression Scale We used the translated and validated Dutch version of the Hospital Anxiety and Depression Scale (HADS) [Spinhoven et al., 1997] . The HADS questionnaire was developed to improve the early detection of patients with any form of an anxiety or depression disorder [Zigmond and Snaith, 1983] . The questionnaire contains 14 items, i.e., 7 about anxiety and 7 about depression. Patients answer the questions on a scale of 0-3. Subscale scores can be calculated for anxiety and depression. Scores below 7 indicate neither an anxiety nor a depression problem, scores between 8 and 10 suggest, a potential anxiety or depression disorder, and scores beyond 11 indicate definite cases.
Tinnitus Handicap Inventory
We used the translated and validated Dutch version of the Tinnitus Handicap Inventory (THI). The THI questionnaire consists of 25 questions about the influence of tinnitus on activities of daily life [Newman et al., 1996] . The questionnaire contains 11 questions about the functional effects on tinnitus, 9 questions about the emotional responses to tinnitus, and 5 questions about catastrophic responses to tinnitus. Patients have to indicate if such situations occur. Every "yes" counts for 4 points, every "sometimes" for 2 points, and every "never" for 0 points. The scores are summed to produce a total score between 0 and 100. Scores below 16 have been suggested to imply a slight handicap, scores from 18 to 38 indicate mild tinnitus, scores from 38 to 56 correspond to severe tinnitus, and scores higher than 78 mean that the patient suffers from catastrophic tinnitus [McCombe, 2001] .
Tinnitus Handicap Questionnaire The Tinnitus Handicap Questionnaire (THQ) is used to measure the perception of psychological and physical well-being in tinnitus patients. In this study, we used a Dutch translation of the questionnaire [Vanneste et al., 2011] . It contains 27 questions divided into the following 3 main categories: social, emotional, and behavioral tinnitus effects; tinnitus and hearing; and outlook on tinnitus. Patients answer whether or not they agreed with the statements on a scale of 0-100. Total scores are calculated per category, after which the mean THQ score is calculated [Kuk et al., 1990] .
UMCG Anamnestic Tinnitus Questionnaire This is a nonvalidated questionnaire that concerns tinnitus characteristics such as pitch, loudness, and lateralization [Kloostra et al., 2015] .
Statistical Analysis
Pre-and postoperative questionnaire scores were analyzed and compared to identify significant differences in tinnitus and related patient parameters before and after cochlear implantation. We used the Kolmogorov-Smirnov test and histograms to assess whether variables met the criteria for a normal distribution. If a variable was normally distributed, we used a paired t test to identify significant differences between pre-and postoperative scores within a group of patients. If the data were not normally distributed, we used the Wilcoxon signed-rank test to determine whether there was a significant difference. To compare differences between the separated groups in a not normally distributed population, the Mann-Whitney U test was used. For all statistical analyses we used SPSS version 23.
Results
Participants
Of the 63 patients we contacted, 50 subjects (79.4%, 26 males and 24 females) returned the first package of questionnaires. Forty-seven of these participants received a cochlear implant in our hospital. Three patients were not implanted; 1 died while on the waiting list, 1 decided not to be implanted, and 1 was implanted in another hospital. Forty-four of the implanted patients also returned the postoperative package of questionnaires (Fig. 1) .
Before cochlear implantation, 33 out of 50 participants (66.0%) reported tinnitus. Postoperatively, 21 out of 44 participants (47.7%) reported tinnitus. Twenty-one (47.7%) of the 44 participants who returned both the preoperative and the postoperative questionnaire booklets suffered from both pre-and postoperative tinnitus, 8 participants (18.2%) of these only experienced tinnitus before the implantation, and 15 participants (34.1%) never experienced tinnitus. None of the participants developed tinnitus after implantation. Figure 2 shows the results from the 44 participants who returned both the preoperative and the postoperative questionnaire booklets.
Background Variables
Focusing on the group of patients with preoperative tinnitus, 72.4% suffered from both post-and preoperative tinnitus and 27.6% suffered only from preoperative tinnitus. The mean number of years participants experi- enced tinnitus before cochlear implantation was 24.7 (SD 22.3, range 1-67). The group with only preoperative tinnitus experienced tinnitus during significantly fewer years prior to implantation (i.e., 5.2 years, SD 5.2, range 1-14]) compared to the group with both pre-and postoperative tinnitus (i.e., 32.2 years, SD 21.9, range 1-67) (p < 0.05). Participants with preoperative tinnitus experienced tinnitus 76.1% of the time (SD 30.1). This percentage was significantly higher in the group with both preand postoperative tinnitus (80.3%, SD 26.7) compared to the group with only preoperative tinnitus (65.9%, SD 31.2) (p < 0.05). Patients with preoperative tinnitus experienced their tinnitus on average 28 days a month (range 3-30).
Most patients experienced tinnitus in both ears or somewhere central in the head. Only a few patients experience tinnitus unilaterally. This was the case both for the preoperative and the postoperative situation (Fig. 2) .
In both the preoperative and the postoperative situation, the tinnitus sounds perceived were diverse. Postoperatively no patient continued to perceive a tonal tinnitus sound.
Preoperatively almost half of the patients who answered this question experienced difficulty falling asleep because of their tinnitus. Postoperatively fewer patients experienced this difficulty because of their tinnitus (Fig.  2) .
Tinnitus Handicap
In the participants with preoperative tinnitus, the mean preoperative THI score was 23 (SD 21.2), and the mean THQ score was 30.7 (SD 11.0). The group of participants with only preoperative tinnitus had higher preoperative scores on both the THI (31.8/20.5, p = 0.77) and the THQ (31.8/30.3, p = 0.19) compared to the THI and THQ scores of participants with both pre-and postoperative tinnitus. However, this difference was not significant. Figure 3 shows the changes in tinnitus handicap in the group of participants with both pre-and postoperative tinnitus. The scatterplot shows the THI and THQ scores of all of the individuals in both the pre-and the postoperative situation. All dots above the line show deterioration in the tinnitus handicap, the dots below the line show improvement compared to the preoperative situation. Most of the dots (THI, 12 out of 17; THQ, 9 out of 14) are beneath the diagonal, which implies that the majority of the participants showed improvement in their THI and/ or THQ scores after cochlear implantation. Previous studies mention contrary results concerning the minimum change in the Tinnitus Handicap Inventory (THI) score that could be considered clinically relevant. Seven of the patients had a significant reduction of 7 points or more on the THI [Zeman et al., 2011] and only 1 patient had a significant reduction of 20 points or more on the THI [Newman et al., 1998 ].
According to Spearman's correlation test there was no significant correlation between postoperative scores on the THI and the THQ and postoperative phoneme scores, respectively (i.e., -0.044, p = 0.859, for the THI and 0.209, p = 0.404, for the THQ). Also, there was no significant correlation between postoperative scores on the THI and postoperative scores on the APHAB (i.e., 0.336, p = 0.148). However, there was a significant correlation between postoperative scores on the THQ and postoperative scores on the APHAB (i.e., 0.529, p < 0.05).
Loudness and Pitch
In the anamnestic tinnitus questionnaire, tinnitus loudness and pitch were measured on a visual analogue scale with a range from 0 to 100. The preoperative tinnitus loudness scored somewhat higher in the group that suffered from both pre-and postoperative tinnitus (i.e., 60.5, SD 20.1) compared to the group with only preoperative tinnitus (i.e., 43.1, SD 28.2). However, this difference was not significant (p = 0.10). In the group of participants with both pre-and postoperative tinnitus the mean tinnitus loudness was significantly lower in the postoperative situation when the cochlear implant was turned on compared to the preoperative situation. This difference was not found when the cochlear implant was turned off.
When comparing the group with only preoperative tinnitus to the group with both pre-and postoperative tinnitus, no significant difference in preoperative pitch score was found (p = 0.91). The mean tinnitus pitch of participants with both pre-and postoperative tinnitus changed from 46.2 (SD 24.0) in the preoperative situation to 45.9 (SD 34.0) in the postoperative situation when the cochlear implant was turned on. When the cochlear implant was turned off, the postoperative pitch was somewhat higher (i.e., 55.0, SD 30.4). However, these differences were not significant.
Surgical Details
Twenty-four of the patients were implanted in the right ear and 20 in the left ear. Most of the participants received a device of the manufacturer Cochlear (n = 40), and the remaining participants received an Advanced Bionics implant (n = 4). As noted in Materials and Methods, 2 surgical implantation techniques were used, i.e., the cochleostomy technique (22 patients) and the round-window insertion technique (21 patients). In 1 patient, the technique used had not been recorded. Using the MannWhitney U test revealed no significant difference between surgical techniques between the groups with and without postoperative tinnitus (p = 0.06), but in the group where the tinnitus remained 65% of the patients were operated using the cochleostomy technique whereas in the group in which the tinnitus ceased only 25% of the patients were operated using this technique.
Hearing Ability
All groups of patients showed significant improvement in phoneme scores after cochlear implantation, which indicated that their hearing ability had improved. Also, the hearing handicap, as measured by the APHAB, was significantly lower in all of the groups.
Anxiety and Depression
Anxiety Both in the group with (5.3/3.8, p < 0.05) and the group without (3.1/1.1, p < 0.05) preoperative tinnitus, the mean anxiety scores were significantly lower postoperatively compared to preoperatively. The postoperative anxiety score (i.e., 3.9; SD 3.9) was also significantly lower than the preoperative score (i.e., 6.9; SD 4.8) in the group of patients with only preoperative tinnitus. This difference was not significant in the group with both pre-and postoperative tinnitus; it was 4.7 (SD 2.9) preoperatively and 3.7 (SD 3.4) postoperatively. Clinical HADS scores > 8 were present in 2 patients in the preoperative situation. Both of these patients suffered only from preoperative-and not postoperative tinnitus. One of these patients still had a score > 8 in the postoperative situation. None of the other patients scored higher than 8 after cochlear implantation.
Depression
Both in the group with (4.4/3.2) and in the group without (2.8/2.9) preoperative tinnitus there was no significant difference in the mean depression score preoperatively compared to postoperatively. Moreover, no significant differences were found in the group with both pre-and postoperative tinnitus or with only preoperative tinnitus. One patient scored > 8 on the HADS preoperatively and had suffered from both pre-and postoperative tinnitus. There were 2 patients who scored > 8 on the HADS after implantation. One of them only suffered from preoperative tinnitus and the other suffered from both pre-and postoperative tinnitus. Neither of these patients was the one person with a high preoperative depression score.
Discussion
In this prospective study, we investigated the influence of cochlear implantation on tinnitus in patients who received a cochlear implant because of severe hearing loss. Our study showed that in 27.6% of the patients with preoperative tinnitus the tinnitus disappeared after cochlear implantation. In the group of patients in whom the tinnitus remained after cochlear implantation, most of the patients showed lower tinnitus handicap scores and lower tinnitus loudness scores after the operation. The patients in the group in which the tinnitus disappeared had fewer years of tinnitus prior to implantation, experienced tinnitus for less time during the day prior to implantation, experienced more of a tinnitus handicap prior to implantation, and were more often operated on using the round-window approach compared to the patients whose the tinnitus remained.
Our result that tinnitus cessation occurred in 27.6% (n = 8) of the patients with preoperative tinnitus is in line with the numbers described in previous studies, which report suppression of tinnitus after cochlear implantation in 15-95% of the patients [Rubinstein et al., 2003; Quaranta et al., 2008; Van de Heyning et al., 2008; Akdogan et al., 2009; Pan et al., 2009; Bovo et al., 2011; Kompis et al., 2012] . Our percentage is somewhat low in this range, probably because our number only describes the patients with tinnitus cessation and does not include the patients who experienced improvement of their tinnitus. Figure 3 shows that also about two thirds of the 21 patients with persistent tinnitus after cochlear implantation had lower tinnitus handicap scores after cochlear implantation, so we estimate that the percentage of patients with at least partial tinnitus suppression after cochlear implantation is close to 75% (n = 8 + 14 = 21/29).
In the group of participants in whom tinnitus did not disappear in the postoperative situation, the mean time they experienced tinnitus prior to implantation was 32.2 years (SD 21.9, range 1-67). In the participants without postoperative tinnitus this was only 5.2 years (SD 5.2, range 1-14). The duration of suffering from tinnitus prior to implantation may influence the chance of the tinnitus disappearing with cochlear implantation. This finding can be explained by the theory that tinnitus results from an increase in spontaneous neural activity and plastic reorganization of the central nervous system. It is possible that these neural changes are harder to undo when they have existed for a longer time before treatment is started, because of less plasticity. There are no previous studies reporting that the duration of tinnitus prior to implantation influences the effect of cochlear implantation on tinnitus. However, there are previous studies reporting that the number of years of hearing loss prior to implantation can have this influence [Olze et al., 2011a, b] .
Our study also shows that patients with tinnitus cessation after cochlear implantation experience tinnitus for less time per day compared to patients in whom the tinnitus remained after implantation. This could mean that patients with tinnitus cessation after cochlear implantation suffer more from fluctuating tinnitus, while patients in whom the tinnitus remains suffer more from a continuous tinnitus. Possibly, a more fluctuating tinnitus is more easily treated than a more continuous tinnitus because the changes in the central nervous system could be less prominent in patients with a fluctuating tinnitus. However, no other studies have confirmed these results.
The participants who experienced tinnitus cessation also experienced a higher preoperative tinnitus handicap (both THI and THQ) than the participants who still had tinnitus in the postoperative situation. This suggests that the more inconvenience is experienced from tinnitus before cochlear implantation, the more likely it is that the tinnitus will cease after implantation. This finding has also been described in previous studies [Kim et al., 2013; Ramakers et al., 2015] . The surgical approach is another possible predictive factor for the effect of cochlear implantation on tinnitus. DOI: 10.1159/000495132 in the group without postoperative tinnitus, most of the participants (75.0%) were operated on using round-window insertion. In the group that still experienced tinnitus postoperatively, this was only 35.0%. This finding suggests that using round-window insertion increases the chance that the tinnitus will disappear after cochlear implantation, compared to use of a separate cochleostomy. An explanation for this finding is that surgery using round-window insertion with a slimmer electrode may cause less damage to the cochlea and hair cells. Thus, this technique offers a higher chance of preserving the residual hearing of the patients and diminishes the chance of further reduction of the afferent input to the brain, and thereby maintaining or worsening the tinnitus.
Conclusion
Tinnitus is a very common problem of cochlear implant candidates and cochlear implant users. This study shows that cochlear implantation can help to reduce the tinnitus and the tinnitus handicap. A shorter duration of tinnitus prior to implantation, a tonal tinnitus, a higher tinnitus handicap prior to implantation, and a roundwindow insertion operation technique correlate with a positive influence of cochlear implantation on tinnitus. Further research is necessary in a larger and a more uniform study population with regard to hearing abilities, age, and type of tinnitus (unilateral/tonal).
